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(57) ABSTRACT 

A normalization apparatus and method for a PET Scanner 
with panel detectors for obtaining an estimate of a normal 
ization array, for correction for count rate effects on the 
normalization array, and for measurement of the relation 
between the normalization array and the count rate. The 
method of the present invention is based on two quasi 
independent radial and axial components, which are count 
rate dependent due to Sensitivity changes across the detector 
blocks. A scatter source is disposed at the center of the FOV 
and a Scatter-free Source is disposed at the outer edge of the 
FOV. The method computes the normalization array through 
Several Steps which evaluate the geometric profile, the axial 
profile, and the correction factor. A count rate correction is 
introduced to extend the normalization array to any count 
rate. 
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NORMALIZATION APPARATUS FOR PANEL 
DETECTOR PET SCANNERS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. Not Applicable 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

0002) Not Applicable 

BACKGROUND OF THE INVENTION 

0003) 1. Field of Invention 
0004. This invention pertains to Positron Emission 
Tomography (PET) Scanners having panel detectors. More 
particularly, this invention pertains to an apparatus and 
method for obtaining an estimate of a normalization array to 
correct for count rate effects associated with Such a Scanner. 

0005 2. Description of the Related Art 
0006. The application for patent, Ser. No. 10/103,276, 
filed Mar. 21, 2002, entitled “Normalization Apparatus for 
PET and SPECT Scanners and Method for Using Same", has 
at least one common inventor with the present invention. 
The 276 application is incorporated herein by reference. In 
that application, it is discussed that various techniques are 
used for medical imaging. With respect to Positron Emission 
Tomography (PET), it is recognized that Such is popular in 
radiology because of its ability to non-invasively Study 
physiological processes and structures within the body. 
0007 PET is designed to measure the amount of radio 
activity along many lines of response (LORS) that pass 
through the patient and are intercepted by the Scanner's 
detectors. Measurement errors are always present, and in 
many cases must be corrected by the Software that processes 
the measurements. In particular, the response measured on 
each LOR is Subject to an error in magnitude. Normalization 
coefficients represent the relationship between the measured 
and actual magnitude of radiation and are used to correct the 
magnitude errors. Normalization coefficients are determined 
by measuring the difference in Sensitivity or efficiency of the 
detectors in the Scanners. Normalization of Scanner data is 
usually performed by estimating the Sensitivity or efficiency 
of a LOR. 

0008 AS discussed by D. L. Bailey et al., “Quantitative 
Procedures in 3D PET", The Theory and Practice of 3D 
PET, B. Bendriem and D. W. Townsend, Eds., Dordrecht, 
Netherlands: Kluwer Academic Publishers, 55-109 (1998), 
the non-uniformity of the different LORs in the sinogram 
must be corrected with an appropriate normalization in order 
to reduce artifacts created in a reconstructed image. The 
current techniques are based on: direct measurements of the 
normalization array, component-based methods simply 
using Scatter-free Ge rods; and component-based methods 
using scatter-free Ge rods and methods to calculate or 
estimate and then Subtract the Scatter component. However, 
none of these methods are useful with PET scanners due to 
the high Sensitivity of large area panel detectors. 
0009. In direct measurement methods, the elements of a 
normalization array are proportional to the reciprocal of 
counts acquired with a uniform Source. This technique 
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requires long acquisition time for good Statistics in each 
element of the array. See D. W. Townsend, et al., “Three 
dimensional reconstruction of PET data from a multi-ring 
camera", IEEE Trans. Nucl. Sci., vol. 36, no. 1, 1056-1065, 
(1989). In component-based methods, the normalization 
array is expressed as a product of factor functions, each 
being reduced to a much Smaller number of parameters, as 
discussed by M. E. Casey, H. Gadagkar and D. Newport, “A 
component based method for normalization in Volume 
PET, Proc. 3rd Int. Meeting on Fully Three-Dimentional 
Image Reconstruction in Radiology and Nuclear Medicine, 
Aix-les-Bains, France, 67-71, (1995). 
0010. The lack of usefulness of these conventional meth 
ods with PET scanners having panel detectors is due to 
several factors. First, the PET scanner defines a relatively 
large field of view (FOV) and has high resolution, which 
makes it impractical to perform direct measurements of a 
normalization array. For example, a typical array is com 
prised of 320x256x3935 elements. The PET scanner further 
defines a relatively long FOV. Combined with a large tunnel 
and the absence of Septa, the System is Sensitive to Scatter. 
Scatter-free Sources cannot be used alone. Further, estimat 
ing and Subtracting the Scatter component is not the most 
effective method. Finally, none of the techniques described 
corrects for count rate effects, which are relevant for high 
Sensitivity flat panel detectors. 
0011. It has been observed that normalization is count 
rate dependent. As a result, the normalization should be 
obtained in count rate conditions Similar to the clinical Scan 
on which it is applied in order to prevent ring artifacts in the 
transaxial views and banding in the axial direction. 

BRIEF SUMMARY OF THE INVENTION 

0012. The present invention is a normalization apparatus 
and method for a Positron Emission Tomograph (PET) 
Scanner with panel detectors. The normalization apparatus is 
provided for obtaining an estimate of a normalization array 
in a reasonable time while using Setup and Sources that 
includes a fraction of radiation Scattered by the Source. The 
method of the present invention allows for correction for 
count rate effects on the normalization array and for the 
measurement of the relation between the normalization array 
and the count rate. The method of the present invention is 
based on two quasi-independent radial and axial compo 
nents, which are count rate dependent due to Sensitivity 
changes acroSS the detector blockS. 
0013 The apparatus of the present invention includes a 
Scatter Source disposed at the center of the field of view 
(FOV) and a scatter-free Source disposed at the outer edge 
of the FOV. The scatter source is comprised of a source 
disposed within a Scattering rod. The Source of one embodi 
ment is a Ge Source is disposed in steel casing and is sealed 
at each end. In another embodiment, an F source is 
provided. The Scattering rod of one embodiment is a radia 
tion Scattering brass rod defining a central cavity is provided 
for closely receiving the Scatter Source. The Scatter-free 
Source is the Source used in association with the Scattering 
rod. 

0014) Data is collected using the apparatus of the present 
invention in four primary steps. First, the “Ge source is 
positioned at the outer edge of the FOV in order to acquire 
a geometric profile. The position encoding of the Scanner 
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detector heads is then inhibited So that the Scanner assumes 
that the detectors are Static and that the Scatter Source is a 
rotating rod of activity. A long-term acquisition is then 
performed. Next, the Ge source is positioned at the center 
of the FOV and within the radiation scattering brass rod. 
This arrangement is utilized to acquire an axial profile 
correction. A Second long-term acquisition is then per 
formed. 

0.015 Next, the first step is repeated using the 18F Source 
positioned at the outer edge of the FOV. A third long-term 
acquisition is performed to produce output in twelve con 
secutive frames representing one hour each. For each Sino 
gram, the average Singles count rate is recorded. Finally, the 
Second Step is repeated using the 18F Source positioned at 
the center of the FOV and within the radiation scattering 
brass rod. A fourth long-term acquisition is then performed 
to produce twelve consecutive frames representing one hour 
each. For each Sinogram, the average Singles count rate is 
recorded. 

0016. After the data has been collected, a normalization 
array N is formed. Because the panel detectors rotate around 
the patient, the normalization array N takes an angle 
independent form, and whose factors include: the geometric 
profile representing the average for each Segment, the axial 
profile, and a correction factor. One Set of normalization 
factorS is applied to the combined Sinogram of measured 
radiation. The method of the present invention computes the 
normalization array N through several steps which evaluate 
the geometric profile, the axial profile, and the correction 
factor. Eventually a count rate correction is introduced to 
extend the normalization array to any count rate. 
0.017. The geometric transaxial component is obtained by 

first positioning a line source at the bottom of the FOV. The 
encoding of the heads position in the data Stream is disabled 
So that the rebinning System assumes that the Scanner is not 
rotating and therefore Sees a uniform cylindrical shell of 
activity. 

0.018 Normalization coefficients are derived from mea 
Sured Sinograms of known activity distributions. First, the 
axial profile function is evaluated for Sensitivity variations 
of the uniform source in the axial direction. Given the 
angularly averaged Sinogram obtained with a uniform Source 
having no scatter, c(z) is estimated as the average Sensitivity 
of plane Z in a given Segment: 

X. S(r. 3, Seg) 

c(z, seg) = -1 -, 
X S(r, 3, Seg) M2. g 

0.019 where M is the number of planes in the segment 
considered. 

0020. Then, from the functional form N=c(z)g(r.seg), 
disregarding at this Stage the correction factor, the normal 
ization constraint that the normalized Sinogram is a uniform 
unit array, NS=1, is imposed. Specifically, the normalized 
Sinogram of the rotating Source is equal to unit after per 
forming an arc correction and assuming that in this first 
approximation the correction factor is equal to 1. 
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0021. In each Segment, an average is performed over all 
of the planes to obtain an average geometric profile for the 
Segment. Finally, the geometric profile is made symmetrical 
in the radial direction, adding the geometric profile to its 
mirror image with respect to the center. The geometric 
profile is corrected plane by plane using the correction 
factor. The geometric profile coefficient removes the higher 
frequency features due to detector blockS and to the rebin 
ning procedure. However, Some residual plane-by-plane low 
frequency distortions are still present. The observed distor 
tions are fitted to a Series of fifteen cosine functions, 
providing a correction term for normalization. 
0022. In the evaluation of the axial and geometric profile 
described above, a Scatter-free acquisition is used. The axial 
profile of the normalization array is adjusted with a direct 
and non Scatter-free measurement. Using the Sinogram col 
lected using the Ge Source in the scattering rod, the 
normalization array is corrected using the equation: 

Polfii (z, Seg) N2 (r. 3, Seg) = N (r. 3, Seg) - - 2 ( g) 1( g) Axialproft (3, Seg), 

0023 where Axialprof(z,Seg) is the axial profile of the 
Sinogram S of the Scattering Source, and Polfit"(ZSeg) is a 
second-order polynomial fit to Axialprof"(Z, Seg). 
0024 Correction is then performed on the radial and axial 
profiles of the normalization array according to the count 
rate of the patient Sinogram. Normalization is count rate 
dependent and therefore is obtained in count rate conditions 
Similar to the clinical Scan on which it is applied in order to 
prevent ring artifacts in the transaxial views and banding in 
the axial direction. 

0025. In order to properly correct the normalization for 
count rate effects, two methods have been devised. In the 
first method, a normalization array is Selected from a data 
base of normalization arrays obtained with Sources of dif 
ferent activities, using 'F over a range of approximately 5 
half-lives, or approximately 10 hours. In the Second method, 
the normalization measured at low count rate is extended to 
a higher count rate using a Suitable function. 
0026 Correction of a radial profile is performed with the 
understanding that each radial element of the normalization 
array changes with count rate. A multiplicative correction 
factor follows a polynomial function of count rate (singles/ 
block count rate). The correction factor multiplies the nor 
malization array at a low count rate. The twelve normaliza 
tion arrays discussed above are obtained at different count 
rates. The average of the radial elements over all the planes 
of each Segment of the normalization array is plotted as a 
function of Singles. The curve is then fitted with a Second 
order polynomial and the coefficients are Stored. A generic 
normalization array is obtained at count rate equal to Zero 
and is then corrected in the radial profile and adjusted to the 
proper profile. 
0027 Correction of axial profile is accomplished using a 
procedure Similar to that used for radial profile. Averaging in 
the correction of the axial profile is performed over the radial 
element of each plane Z. 
0028. To estimate the correction factor, twelve sinograms 
are obtained as described above and at different count rates. 
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The average of the axial elements over all the radial ele 
ments of each plane is plotted as a function of Singles. The 
curve is then fitted with a Second-order polynomial and the 
coefficients are Stored. A generic normalization array is 
obtained at count rate equal to Zero and is then corrected in 
the axial profile and adjusted to the proper profile. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

0029. The above-mentioned features of the invention will 
become more clearly understood from the following detailed 
description of the invention read together with the drawings 
in which: 

0030 FIG. 1 is an end view of a PET scanner having a 
circular array of five panel detectors, a first position being 
indicated for the placement of a Scatter-free Source and a 
Second position for the placement of a Scatter Source in 
accordance with the present invention; 
0.031 FIG. 2A illustrates a comparison of source energy 
Spectrum from three Sources, and 
0.032 FIG. 2B is an enlarged scale replica of the com 
parison illustrated in FIG. 2B, better illustrating the spectra 
in the range 0.3-0.5 MeV. 
0.033 FIG. 3A is a sinogram acquired using a plane 
Source in a two-head PET scanner; 

0034 FIG. 3B is a sinogram acquired using a simulated 
cylindrical shell Source in a five-head Scanner; 
0.035 FIG. 3C illustrates a sinogram of the stationary 
scanner corresponding to that illustrated in FIG. 3A added 
along the angular dimension, illustrated by the lower Signal, 
and added along the angular dimension after averaging over 
all the possible rotational positions of the Scanner heads, 
illustrated by the upper Signal; 

0.036 FIG. 3D illustrates a sinogram of the stationary 
scanner corresponding to that illustrated in FIG. 3B added 
along the angular dimension, illustrated by the lower Signal, 
and added along the angular dimension after averaging over 
all the possible rotational positions of the Scanner heads, 
illustrated by the upper Signal; 

0037 FIG. 4A illustrates a radial profile of a sinogram of 
a uniform plane Source before normalization; 

0038 FIG. 4B illustrates the radial profile of the sino 
gram of FIG. 4A after normalization with the gradial factor; 

0039 FIG. 4C illustrates the radial profile of the sino 
gram of FIG. 4A after removal of low-frequency distortions 
with an f factor; 

0040 FIG. 5 illustrates an axial profile of the sinogram 
of the Scattering Source at Segment 0 with a polynomial fit 
plotted over the Sinogram profile; 

0041 FIG. 6A illustrates a non-normalized, angle-aver 
aged Segment-0 Sinogram of the plane Source; 

0.042 FIG. 6B illustrates normalization of the sinogram 
of FIG. 6A with the g radial factor; 
0.043 FIG. 6C illustrates removal of low-frequency dis 
tortions from the sinogram of FIG. 6B using the f factor; 
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0044 FIG. 6D illustrates the sinogram of FIG. 6C after 
axial profile adjustment; 

004.5 FIG. 7A illustrates a 3D plot of the normalization 
array Segment 0 of a two-head Scanner; 
0046 FIG. 7B illustrates the normalization axial profile 
corresponding to the normalization array of FIG. 7A, plot 
ted as a function of the plane number for two normalization 
Samples taken with different activities, 
0047 FIG. 8 illustrates an axial profile for a uniform 
cylindrical Source with high activity with various degrees of 
normalization having been applied; 
0048 FIG. 9A illustrates a transaxial view of an image 
reconstructed using a normalization non-count-corrected 
method; 

0049 FIG.9B illustrates an axial view of the image in 
FIG. 8A reconstructed using a normalization non-count 
corrected method illustrated; 

0050 FIG. 10A illustrates a transaxial view of an image 
reconstructed using a normalization properly count rate 
corrected; and 

0051 FIG. 10B, illustrates an axial view of the image in 
FIG. 10A reconstructed using a normalization properly 
count rate corrected method illustrated. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0052 A normalization apparatus for a Positron Emission 
Tomograph (PET) scanner with panel detectors is provided 
in the present invention. The normalization apparatus is 
provided for obtaining an estimate of a normalization array 
in a reasonable time while using Setup and Sources that 
includes a fraction of radiation Scattered by the Source. The 
method of the present invention allows for correction for 
count rate effects on the normalization array. Further, the 
method of the present invention allows for the measurement 
of the relation between the normalization array and the count 
rate. Using a simple model, the method adjusts the normal 
ization array accordingly to the count rate at which the 
patient Scan was obtained. The method of the present 
invention requires the count rate relation to be measured 
only once for a particular apparatus, and can be performed 
prior to installation in the field. 
0053 As discussed above, in the PET field, some 3D PET 
scanners have a large Field of View (FOV) and high 
resolution. In Such situations, a component based method for 
estimating a normalization array is the most appropriate 
choice, given the large Size of the Sinograms. Illustrated in 
FIG. 1 is a PET scanner 10 having a circular array of five 
panel detectors 12. The panel detectorS 12 are rotated about 
a gantry 14 in which a patient is positioned, and which 
defines the FOV. Ascatter source 16 is selectively positioned 
at the center of the gantry 14, and a Scatter-free Source 18 is 
Selectively positioned at the radial edge of the gantry 14. The 
rotational Symmetry of the Scanner 10, because the panel 
detectorS 12 rotate around the patient, allows the normal 
ization array to be expressed in two dimensions, averaging 
over the angular dimension. 
0054 The method of the present invention is based on 
two quasi-independent radial and axial components, which 
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are Separately evaluated in two independent experiments. 
The method of the present invention takes into account that 
radial and axial components of the normalization are count 
rate dependent due to Sensitivity changes at the edges of 
detector blocks. 

0.055 As indicated above, the present invention incorpo 
rates a scatter source 16 disposed at the center of the FOV 
and a Scatter-free Source 18 disposed at the outer edge of the 
FOV. The scatter source 16 is comprised of a source 18 
disposed within a scattering rod 20. The source 18 of one 
embodiment is a Ge Source is disposed in Steel casing and 
is sealed at each end. For the PET scanners 10 tested, a 
Scatter Source 16 defining a length of 70 cm was used. 
However, it will be understood that the length of the source 
is dependent on the length of the patient gantry 14. For 
testing purposes, a Source 18 having an activity range of 
from 0.1 to 2 mCi. The casing wall is less than 3 mm thick, 
and the outer diameter is less than or equal to 1.5 cm. The 
Scattering rod 20 of one embodiment is a radiation Scattering 
brass rod defining a central cavity is provided for closely 
receiving the scatter source. The rod 20 defines a wall 
thickness of approximately 1.5 cm. 
0056. It will be understood that the Ge source as 
described may be configured in various manners. In any 
configuration, the thickneSS and material of fabrication of 
the casing is Selected to limit absorption and Scatter to a 
Small fraction (less than 1%) of the emitted gamma rays. It 
will also be understood that the Source activity range and 
Size are Selected depending upon the count rate capability of 
the Scanner 10. 

0057. It will be understood by those skilled in the art that, 
though the Scattering rod 20 has been described as being 
fabricated from brass, the scattering rod 20 may be alterna 
tively be fabricated from a material other than brass. Mate 
rials. Such as copper and other elements, compounds and 
alloys may be used, for example. The choice of material and 
diameter are Selected in order to obtain an energy spectrum 
of the photon escaping the Scattering rod with a shape 
Similar to that of a 20 cm diameter water cylinder, or of a 
simple model of a patient, as best illustrated in FIGS. 2A 
and 2B. FIG. 2A graphically illustrates a comparison of 
Source spectrum of a water phantom, a 3 cm diameter brass 
bar, and a 1 mm wall steel rod. FIG. 2B is an enlarged scale 
replica of the comparison in FIG. 2B better illustrating the 
comparison of the spectra in the range of 0.3-0.5 MeV. 
0.058. Further, it will be understood that the scattering rod 
20 receiving a positron line source 18 may alternatively be 
a cylinder filled uniformly with water or other material 
having an absorption coefficient Similar to water, and with 
activity uniformly distributed therein. This cylinder typi 
cally defines a diameter in the range of from approximately 
20 cm to approximately 30 cm and a length adapted to 
extend through the entire axial FOV of the scanner. Alter 
natively, the cylinder is shorter than the FOV and includes 
a mechanical assembly to move the Source axially inside the 
FOV of the Scanner 10. 

0059. The scatter-free source 18 is the source used in 
association with the scattering rod 20. In addition to the Ge 
Source disclosed above, an F Source includes a rigid tube 
defining and inner diameter of approximately 2 mm. The 
rigid tube defines Substantially the same length as the Scatter 
Source. Namely, for testing purposes, the rigid tube defines 
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a length of 70 cm. The rigid tube is then filled with 18F. The 
rigid tube in the testing was fabricated from plastic. 
0060 Data is collected using the apparatus of the present 
invention in four primary steps. First, the Ge source 18 is 
positioned at the outer edge of the FOV in order to acquire 
a geometric profile. The position encoding of the Scanner 
detector heads 12 is then inhibited so that the Scanner 10 
assumes that the detectors are Static and that the Source 18 
is a rotating rod of activity. A long-term acquisition is 
performed. The length of the acquisition is dependent on the 
Sensitivity of the Scanner 10. The acquisition may require, 
for example, 24 hours. The output is a Sinogram denoted as 
line.S. 

0061 Next, the Gesource 18 is positioned at the center 
of the FOV and within the radiation scattering brass rod 20. 
This arrangement is utilized to acquire an axial profile 
correction. A long-term acquisition is then performed. The 
length of the acquisition is dependent on the Sensitivity of 
the Scanner 10. AS before, the acquisition may require, for 
example, 24 hours. The output is a Sinogram denoted as 
Scat.S. 

0062) Next, the first step is repeated using the F source 
18 positioned at the outer edge of the FOV. The position 
encoding of the Scanner detector heads 12 is then inhibited 
So that the Scanner 10 assumes that the detectors are Static 
and that the Scatter Source is a rotating rod of activity. A 
long-term acquisition is performed. The length of the acqui 
sition is dependent on the sensitivity of the Scanner 10. The 
output is twelve consecutive frames denoted as line n.s. 
Each frame represents one hour. For each Sinogram, the 
average Singles count rate is recorded. 
0063 Finally, the second step is repeated using the 18F 
Source 18 positioned at the center of the FOV and within the 
radiation Scattering brass rod 20. A long-term acquisition is 
then performed. The length of the acquisition is dependent 
on the sensitivity of the scanner 10. The output is twelve 
consecutive frames denoted as Scat n.s. Each frame repre 
Sents one hour. For each Sinogram, the average Singles count 
rate is recorded. 

0064. After the data has been collected, a normalization 
array N is formed. Because the panel detectors rotate around 
the patient, the normalization array N takes an angle 
independent form: 

1 
N(lowcountrate) = - g(r, Seg), f(r. 3, Seg), C(X, Seg) 

0065 where g(r.Seg) is the geometric profile representing 
the average for each segment, c(z,Seg) is the axial profile, 
and f(r,z,Seg) is a correction factor. Further, r is the radius, 
Z is the axial position, and Seg is the Segment of the 3D 
Sinogram. The correction term f contains only low radial 
frequencies. The g and f terms are derived from a Scan of a 
line Source moving relative to the detectors. The c term is 
derived from a scan of an activity-filled uniform cylindrical 
phantom that Scatters radiation. In principle, the Scatter and 
the trueS require different normalization factors. However, in 
the present invention, one Set of normalization factorS is 
applied to the combined Sinogram of measured radiation. 
The method of the present invention computes the normal 
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ization array N through Several Steps which evaluate the 
functions g(r.Seg), c(ZSeg), and f(r,Z,Seg). Eventually a 
count rate correction is introduced to extend the normaliza 
tion array to any count rate. 
0.066 The geometric transaxial component g(r.Seg) is 
obtained using one of Several methods. In one method, a 
Static acquisition of a plane Source between the two heads, 
or a line Source moved in a plane, is used. In another method, 
a line source located at the bottom of the FOV is used. The 
encoding of the heads position in the data Stream is disabled. 
AS disclosed above, the rebinning System then assumes that 
the Scanner is not rotating and therefore Sees a uniform 
cylindrical Shell of activity. Each of these methods assumes 
a uniform Scatter free Source, and the activity Seen by each 
line of response (LOR) is corrected based on the geometry 
of the source. Each LOR views the same activity after 
geometric correction and responds uniformly. 
0067. The normalization method of the present invention 
has been tested on two different Scanners. The first Scanner 
is a 2-head Scanner having a Sinogram size 256 radial 
positions, 167 direct planes, and 256 angular views. The 
2-head Scanner has a span of 7, a maximum ring difference 
of 66, and includes 19 segments for a total of 2021 direct and 
oblique planes. The Second Scanner is a 5-head Scanner with 
Sinogram Size 320 radial positions, 239 direct planes, and 
256 angular views. The 5-head Scanner has a span of 7, a 
maximum ring difference of 87, and includes 25 Segments 
for a total of 3935 planes. 
0068 Illustrated in FIGS. 3A and 3B are (r,t)) sino 
grams-One of the direct planes-for the two-head Scanner 
and the five-head Scanner, respectively. The typical "dia 
monds' of a Static panel detector Scanner are seen. The 
Sinogram illustrated in FIG. 3A was acquired simulating a 
plane source, while the sinogram illustrated in FIG. 3B was 
acquired simulating a cylindrical shell Source, thereby caus 
ing more counts at the radial edge of FOV. 
0069 FIGS. 3C and 3D represent the corresponding two 
Sinograms of the Scanners added along the angular dimen 
Sion, illustrated by the lower Signal, and added along the 
angular dimension after averaging over all the possible 
rotational positions of the Scanner heads, illustrated by the 
upper Signal. This latter function represents the geometric or 
radial profile g(r,z,Seg), and is obtained by averaging the 
Sinogram over all measured angles, and adding the result to 
itself after reflection around the center. 

0070 The normalization coefficients are derived from 
measured Sinograms of known activity distributions. First, 
the axial profile function c(z,Seg) is evaluated for Sensitivity 
variations of the uniform Source in the axial direction. Given 
the angularly averaged sinogram S(r,Z), obtained with a 
uniform Source having no scatter, c(z) is estimated as the 
average Sensitivity of plane Z in a given Segment: 

X. S(r. 3, Seg) 
r 

C((, Seg) = 1 
XES(r. 3, Seg) M : g 

0071 where M is the number of planes in the segment 
considered. 
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0072 Then, from the functional form N=c(z,Seg) g(r, 
Seg), disregarding at this stage the correction factor f(r,Z, 
Seg), the normalization constraint that the normalized Sino 
gram is a uniform unit array, NS =1, is imposed. 
Specifically, the normalized Sinogram S of the rotating 
Source (line.S) is equal to unit, after performing an arc 
correction and assuming that in this first approximation the 
function f is equal to 1, as defined by: 

1 = N S(r. 3, Seg) = S(r. 3, Seg), C((, Seg) g(r. Seg) 

where: 

g(r. Seg) = S(r. 3, Seg). 

0073. In each segment, an average is performed over all 
of the planes to obtain an average geometric profile for the 
Segment as defined by: 

1 - 
: - S grea) - i) eastries) 

0074 Finally, g is made symmetrical in the radial direc 
tion, adding the function g to its mirror image With respect 
to the center. 

0075. The geometric profile g is corrected plane by plane 
using the function f The g coefficient removes the higher 
frequency features due to detector blockS and to the rebin 
ning procedure. However, g is an average geometric profile 
over all the planes in a given Segment, and Some residual 
plane-by-plane low frequency distortions are Still present. 
The observed distortions are fitted to a series of fifteen 
cosine functions, providing the correction term f(r,z,Seg). 
The normalization is therefore corrected using: 

N(r. 3, Seg) 
Ni (r. 3, seg) = - 

X. ak (, Seg) cos(2itk i. ) 

0076 where n is the number of radial bins in the 
Sinogram. 
0077. This procedure is illustrated in FIGS. 4A-4C 
which is a radial profile of a typical plane, or Sinogram of a 
uniform plane source, before normalization (FIG. 4A), after 
normalization with the gradial factor (FIG. 4B), and after 
removal of low-frequency distortions with the f factor (FIG. 
4C). 
0078. The axial profile is corrected using a scattering 
Source. In the evaluation of the axial and geometric profile, 
a Scatter-free acquisition is used. A realistic Scan includes a 
large fraction of Scattered events, which affect the axial 
profile of the normalization. It is therefore necessary to 
adjust the axial profile of the normalization array with a 
direct and non Scatter-free measurement of the additional 
factor c(ZSeg). 
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0079) Using the sinogram collected using the “Ge source 
in the Scattering rod, the normalization array is corrected 
using the equation: 

Polfii (z, Seg) N2 (r. 3, Seg) = N (r. 3, Seg). - . . . . . . 2 ( g) 1 ( g) Axialproft (3, Seg) 

0080 where Axialprof(z,Seg) is the axial profile of the 
Sinogram S of the Scattering Source, and Polfit(z,Seg) is a 
Second-order polynomial fit to Axialprof(z,Seg). FIG. 5 
illustrates an axial profile of the Sinogram of the Scattering 
Source (segment 0) and a polynomial fit plotted over the 
Sinogram profile. 

0081 Illustrated in FIGS. 6A-6D is an angle-averaged 
Segment-0 Sinogram of a plane Source after applying differ 
ent Steps of normalization. The vertical direction in each 
image is the axial direction and the horizontal direction is the 
radial direction. FIG. 6A illustrates a non-normalized Sino 
gram of the plane source. FIG. 6B illustrates normalization 
with the g radial factor. FIG. 6C illustrates removal of 
low-frequency distortions with the f factor. Finally, FIG. 6D 
illustrates a Sinogram after axial profile adjustment. 

0082 Correction is then performed on the radial and axial 
profiles of the normalization array according to the count 
rate of the patient Sinogram. Normalization is count rate 
dependent and therefor is obtained in count rate conditions 
Similar to the clinical Scan on which it is applied in order to 
prevent ring artifacts in the transaxial views and banding in 
the axial direction. 

0.083 Since the normalization array is usually evaluated 
at low count rate, at higher count rate the Scanner response 
changes, both in the geometric profile and the axial profile. 
In the case of panel detectors based on blocks of crystals, 
this difference is attributed to Signal pile-up that creates a 
distortion of the apparent Sensitivity of the block, "pushing” 
detected events toward the center of the block. 

0084 Count rate dependence is strong in the axial profile 
where the block Structure is only partially corrected if count 
rate is not accounted for, but leSS Sensitive in the radial 
direction, where averaging over many LORS takes place. In 
FIG. 7A, a 3D plot of the normalization array is shown for 
Segment 0 of a 2-head Scanner. The block Structure in the 
axial direction is visible in the alternating peak-Valley Struc 
ture. The depth of the peak/valley ratio increases with count 
rate using an average block Singles count rate as a measure 
of count rate. As illustrated in FIG. 7B, the normalization 
axial profile is plotted as a function of the plane number for 
two normalization Samples taken with different activities. 
The first curve, with greater variations, was obtained with a 
measured count rate per block of 60,000 cps. The second 
curve was obtained at a singles count rate of 10,000 cps per 
block. In FIG. 7B a 5-head scanner with a larger axial 
coverage was used, wherein 10 detector blocks are visible as 
opposed to 7 as in the Scanner used to obtain the profile in 
FIG 7A. 

0085. In order to properly correct the normalization for 
count rate effects, two methods have been devised. In the 
first method, a normalization array is Selected from a data 
base of normalization arrays obtained with Sources of dif 
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ferent activities, using 'F over a range of approximately 5 
half-lives, or approximately 10 hours. 

0086. In the second method, the normalization measured 
at low count rate is extended to a higher count rate using 
Suitable functions f(r,Seg,CR) for the geometric profile and 
fA(r.Seg,CR) for the axial profile, which are derived from 
experimental measurements. 

0087 More specifically, correction of a radial profile is 
performed with the understanding that each radial element 
of the normalization array N'(r,z,Seg) changes with count 
rate. A multiplicative correction factor f is, in one embodi 
ment, described as a polynomial function of count rate 
(singles/block count rate). The correction factor f multiplies 
the normalization array at low count rate Ni(r,z,Seg) as 
follows: 

0088. The present method estimates f as an average 
function for each Segment and therefore: 

0089. To estimate f, the sinograms line n.s are obtained 
as described above. The twelve normalization arrays are 
obtained at different count rates N(r.Z.Seg,CR). The average 
of the radial elements over all the planes of each Segment of 
<N(r,z,Seg,CR)> is plotted as a function of Singles. The 
curve is fitted with a Second-order polynomial: 

<N(, z,Seg,CR)>=f's=ao(r.seg)+a1 (r.seg) CR+a (r. 
seg)*CR’. 

0090 The coefficients are then stored. Specifically, three 
parameters for each radial element of each Segment are 
Stored. 

0091) A generic normalization array N(r.z.seg) obtained 
at count rate CR=0 is then corrected in the radial profile and 
adjusted to the proper profile at count rate CR: 

f(CR, ir, Seg) 
N(r. 3, Seg, CR) = N (r. 3, - . (r. 3, Seg, CR) = N (r. 3, Seg): f(CR = 0, r. Seg) 

0092 Correction of axial profile is accomplished using a 
procedure Similar to that used for radial profile. Averaging in 
the correction of the axial profile is performed over the radial 
element of each plane Z. 

0093. To estimate f, the sinograms scat n.s are obtained 
as described above. The twelve axial profiles are obtained at 
different count rate N(r.Z.Seg,CR). The average of the axial 
elements over all the radial elements of each plane <N(r,Z, 
Seg,CR)> is plotted as a function of Singles. The curve is 
fitted with a Second-order polynomial: 

<N(, z,Seg,CR)>=fa=ao(z,Seg)+a1(z,Seg) CR+a2(z, 
seg)*CR. 

0094. The coefficients are then stored. Specifically, three 
parameters for each axial element of each Segment are 
Stored. 
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0.095 A generic normalization array N(r.Z.seg), obtained 
at count rate CR=0 is then corrected in the axial profile and 
adjusted to the proper profile at count rate CR: 

f(CR, 3, Seg) N(r. 3, Seg, CR) = N (r. 3, ---. (r. 3, Seg, CR) = N (r. 3, Seg): f(CR = 0, 3, Seg) 

0.096 While the count rate measurement is described as 
a singles count rate per block, it will be understood by those 
skilled in the art the count rate measurement may alterna 
tively be made using other known methods Such as a 
randoms count rate, a prompts count rate, and a net trueS 
COunt rate. 

0097. Further, while the count rate correction as disclosed 
uses a Second-order polynomial function for each element of 
the normalization array, it will be understood that other 
functions are useful for performing the same fit. An alter 
native method use a single function to approximate the low 
frequency portion of the whole radial (one for each plane) or 
axial profile (one for each segment), and fit the experimental 
data accordingly. For example, for the axial profile the 
function: 

0.098 may be used, where k is given by the block 
geometry, l is a quasi constant Value, and ao and a are 
functions obtained through experimentation. 
0099. A further alternative method is to factorize the axial 
profile into Several components. Specifically, the axial pro 
file is factorized into line-of-response density, detector block 
Sensitivity, and a residual component. The line-of-response 
density factor is related to the Sinogram formation, and is 
corrected by: 

k(-1)^), 
0100 where k is a measured parameter. 
0101. In this method, detector block sensitivity of each 
block I is modeled as a Gaussian function: 

2 Gaustick = Ao(CR): e 5' 

0102 for each block structure, and the resulting total 
block structure is Gaus(Z.CR), the Sum of these Gaussian 
functions. 

0103) After dividing the Axialprof(z,Seg,CR) by Gaus(z, 
CR), the residuals Rs are divided by the smallest residual to 
obtain Second order residuals RS. The Second order residu 
als have the relationship: 

Rs2(3, CR) - 1 Staddey (RS2(3, CR)) 
Rs2(3, CR = low)-1 T Stadev(Rs2(3, CR = low)) 

0104 where stddev is the standard deviation, and Rs2(z, 
CR) is the second order residual of the scan at count rate CR. 
The fittings of (AO, A1, A2) and stddev(Rs (Z,CR)) to the 
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Singles rates are Stored, and the first order residuals are 
Stored. These values are then used to Scale the Standard axial 
normalization according to the count rate of the Scan to be 
normalized. 

0105 FIG. 8 illustrates an axial profile for a uniform 
cylindrical Source with high activity with various degrees of 
normalization having been applied. Namely, illustrated are a 
non-normalized profile, a normalized profile that has not 
been corrected for count rate, and a normalized profile that 
has been corrected for count rate using the method of the 
present invention. When the standard low count rate nor 
malization is applied, the high frequency Structures are 
completely corrected and the block Structure is only partially 
corrected. A properly count-rate-corrected normalization 
instead produces a Smooth axial profile with no visible block 
Structure. The bulge in the axial profile is mainly due to 
Scatter. 

0106 With a proper count-rate-corrected normalization, 
normalization-related artifacts, Such as ring artifacts and 
axial banding, disappear. In FIGS. 9A,9B, 10A and 10B, the 
effect of the count-rate-correction on the reconstructed 
images is illustrated. FIG. 9A illustrates a transaxial view of 
an image reconstructed using a normalization non-count 
corrected method. In comparison, FIG. 10A illustrates a 
transaxial view of an image reconstructed using a normal 
ization properly count rate corrected. FIGS. 9B and 10B are 
the corresponding axial views. The same cylindrical phan 
tom was used for each acquisition. The cylindrical phantom 
included cold and hot Spheres in a hot background with a 4:1 
activity ratio between the Spheres and the background. All 
planes were added in the transaxial view and all Sagittal bins 
were added in the coronal view to enhance the normalization 
artifacts. 

0107 From the foregoing description, it will be recog 
nized by those skilled in the art that a component-based 
normalization method for revolving panel detector PET 
ScannerS has been provided. The method of the present 
invention is based on Separable geometric and axial com 
ponents. A normalization apparatus is provided for obtaining 
an estimate of a normalization array in a reasonable time 
while using Setup and Sources that includes a fraction of 
radiation Scattered by the Source. The method of the present 
invention allows for correction for count rate effects on the 
normalization array and for the measurement of the relation 
between the normalization array and the count rate. 
0.108 While the present invention has been illustrated by 
description of several embodiments and while the illustra 
tive embodiments have been described in considerable 
detail, it is not the intention of the applicant to restrict or in 
any way limit the Scope of the appended claims to Such 
detail. Additional advantages and modifications will readily 
appear to those skilled in the art. The invention in its broader 
aspects is therefore not limited to the Specific details, rep 
resentative apparatus and methods, and illustrative examples 
shown and described. Accordingly, departures may be made 
from Such details without departing from the Spirit or Scope 
of applicant's general inventive concept. 

Having thus described the aforementioned invention, we 
claim: 
1. A normalization apparatus for a Positron Emission 

Tomograph (PET) Scanner having panel detectors config 
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ured to rotate about a patient gantry, the patient gantry 
defining a Field of View (FOV), said apparatus comprising: 

a first Scatter Source including a first radioactive compo 
nent and being Selectively positioned at a center of Said 
FOV; 

a Second Scatter Source including a Second radioactive 
component and being Selectively positioned at Said 
center of said FOV, 

a first Scatter-free Source Selectively positioned at a radial 
edge of said FOV, and 

a Second Scatter-free Source Selectively positioned at Said 
radial edge of said FOV, wherein only one of said first 
Scatter Source, Said Second Scatter Source, Said first 
Scatter-free Source and Said Second Scatter-free Source 
is selectively positioned within said FOV during an 
acquisition. 

2. The normalization apparatus of claim 1 wherein each of 
Said first Scatter Source, Said Second Scatter Source, Said first 
Scatter-free Source and Said Second Scatter-free Source 
defines a line Source disposed in parallel with a longitudinal 
axis of Said gantry. 

3. The normalization apparatus of claim 2 wherein Said 
first Scatter Source includes Said first Scatter-free Source 
disposed within a Scattering rod, and wherein Said Second 
Scatter Source includes Said Second Scatter-free Source dis 
posed within Said Scattering rod. 

4. The normalization apparatus of claim 3 wherein Said 
first radioactive component contains “Ge, and wherein said 
second radioactive component contains F. 

5. The normalization apparatus of claim 3 wherein said 
Scattering rod is a radiation Scattering brass rod defining a 
central cavity adapted to closely receive Said Scatter Source. 

6. A method for correcting a normalization array for count 
rate effects, said method being used in association with a 
normalization apparatus for a Positron Emission Tomograph 
(PET) Scanner having panel detectors configured to rotate 
about a patient gantry, the patient gantry defining a Field of 
View (FOV), Said apparatus including at least a first Scatter 
Source Selectively positioned at a center of Said FOV, a 
Second Scatter Source Selectively positioned at Said center of 
said FOV, a first scatter-free source selectively positioned at 
a radial edge of Said FOV, and a Second Scatter-free Source 
selectively positioned at said radial edge of said FOV, 
wherein only one of Said first Scatter Source, Said Second 
Scatter Source, Said first Scatter-free Source and Said Second 
scatter-free source is selectively positioned within said FOV 
during an acquisition, Said method comprising the Steps of: 
A) positioning said first Scatter-free Source at the radial 

edge of the FOV, 
B) inhibiting position encoding functions of the Scanner 

panel detectors, 
C) acquiring a sinogram to compute a geometric profile; 
D) removing said first scatter-free source from within the 
FOV; 

E) enabling position encoding functions of the Scanner 
panel detectors, 

F) positioning said first scatter Source at the center of the 
FOV; 

G) acquiring a sinogram to compute an axial profile 
correction; 
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H) removing said first scatter source from within the FOV, 
I) positioning said Second Scatter-free Source at the radial 

edge of the FOV; 
J) inhibiting position encoding functions of the Scanner 

panel detectors, 
K) acquiring a series of Sinograms to compute a series of 

geometric profiles, 

L) recording an average Singles count rate for each of Said 
Series of geometric profile Sinograms, 

M) removing said Second Scatter-free Source from within 
the FOV, 

N) enabling position encoding functions of the Scanner 
panel detectors, 

O) positioning said Second Scatter Source at the center of 
the FOV, 

P) acquiring a series of Sinograms to compute a Series of 
axial profiles, 

Q) recording an average Singles count rate for each of Said 
Series of axial profile Sinograms, 

R) removing said Second Scatter Source from within the 
FOV; and 

S) forming a normalization array. 
7. The method of claim 6 wherein in said step of forming 

a normalization array N, said normalization array N is 
formed in an angle-independent form defined by: 

1 
N(lowcountrate) = -- ( ) g(r, Seg), f(r. 3, Seg), C(X, Seg) 

wherein g(r.Seg) is said geometric profile, wherein c(Z.Seg) 
is said axial profile, wherein f(r,z,Seg) is a correction factor, 
wherein r is a radius of Said FOV, wherein Z is an axial 
position, and wherein Seg is a Segment of a Sinogram. 

8. The method of claim 6 further including the step of 
introducing a count rate correction to extend Said normal 
ization array to any count rate. 

9. The method of claim 7 wherein said axial profile 
function c(Z,Seg) is estimated as an average Sensitivity of 
plane Z in a given Segment: 

X. S(r. 3, Seg) 
c(z, seg) = - 

XES(r. 3, Seg) M : g 

where M is a number of planes considered in Said Segment. 
10. The method of claim 9 further including the step of 

performing an average in each said Segment over all planes 
to obtain an average geometric profile for Said Segment as 
defined by: 

1 - 
: - S grea) - Xeroisri se). 

wherein g is a geometric profile. 
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11. The method of claim 10 further including the step of 
making Said geometric profile g Symmetrical in Said radial 
direction, Said Step of making Said geometric profile g 
Symmetrical including the Step of adding Said geometric 
profile g to a mirror image of Said geometric profile g with 
respect to a center of Said geometric profile g. 

12. The method of claim 11 further including the step of 
estimating Said normalization array N as: 

1 
g(r, seg): c(z, seg) 

13. The method of claim 12 further including the step of 
correcting Said normalization array N using: 

N(r. 3, Seg) 
N (r. 3, Seg) = g 

5 

X. ak (, Seg) cos(2nk.) 

where n is a number of radial bins in Said normalization 
array. 

14. The method of claim 13 further including the step of 
correcting Said axial profile of Said normalization array for 
Scatter using the equation: 

Polfii (z, Seg) N2 (r. 3, Seg) = N (r. 3, Seg). - . . . . . . 2 ( g) 1 ( g) Axialproft (3, Seg) 

where Axialprof(z,Seg) is an axial profile of Said Sino 
gram of Said Scattering Source acquired in Said Step of 
acquiring a Sinogram to compute an axial profile correction, 
and Polfit (ZSeg) is a Second-order polynomial fit to said 
axial profile. 

15. The method of claim 7 further including the steps of: 

i) correcting said radial profile of Said normalization array 
according to a count rate of a patient Sinogram; and 

ii) correcting Said axial profile of Said normalization array 
according to the count rate of the patient Sinogram. 

16. The method of claim 15 wherein said step of correct 
ing Said axial profile of Said normalization array is accom 
plished using: 

fA (, Seg, CR) 
N(r. 3, Seg, CR) = N (r. 3, , CR = 1 - , (r. 3, Seg ) (r. 3, Seg ow): fA (, Seg, CR = low) 

where CR is Said count rate expressed as an average of 
Singles per block in Said PET Scanner, wherein N(r,z,Seg, 
CR) is obtained for each said CR as N2 (r.Z.Seg) in said Step 
of correcting Said axial profile of Said normalization array 
for Scatter, and wherein fA is a function determined using 
Said Series of Sinograms obtained in Said Step of acquiring a 
Series of Sinograms to compute a Series of axial profiles. 
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17. The method of claim 15 wherein said step of correct 
ing Said radial profile of Said normalization array is accom 
plished using: 

fir (, Seg, CR) 
N(r. 3, CR) = N (r. 3, , CR = 1 - , (r. 3, Seg ) (r. 3, Seg ow): fr (, Seg, CR = low) 

where CR is said count rate expressed as an average of 
Singles per block in Said PET scanner, wherein N(r,z,Seg, 
CR) is obtained for each said CR as N2 (r.Z.Seg) in Said step 
of correcting Said axial profile of Said normalization array 
for Scatter, and wherein f is a function determined using 
Said Series of Sinograms obtained in Said Step of acquiring a 
Series of Sinograms to compute a Series of geometric pro 
files. 

18. The method of claim 15 wherein said step of correct 
ing Said axial profile of Said normalization array is accom 
plished using: 

y = XEN (r. 3, Seg, CR) = ao (Seg, CR) -- a1 (Seg, CR) : z + cos(ka, + i) 
r 

where Y represents Said axial profile, where K is given by a 
block geometry, l is a quasi constant Value, and ao and a are 
functions determined using said Series of Sinograms 
obtained in Said Step of acquiring a Series of Sinograms to 
compute a Series of axial profiles. 

19. The method of claim 15 wherein said step of correct 
ing Said axial profile of Said normalization array is accom 
plished using: 

Axialprofa, Seg, CR) = Axialprofa, Seg, CR = low): 

Gaus(3, CR) 
Gaus(3, CR = low) : 

(Rs2(3, CR = high) - 1): 
h(CR)f h(CR = high) + 1 

(Rs2(3, CR = high) - 1): h(CR = low)f 
h(CR = high) + 1 

where: 

Axialprofa, Seg, CR) = X. N(r. 3, Seg, CR); 
r 

Gaus(3, CR) = Ao(CR) s e i ; 
Axialprof(z, Seg, CR = high) 
- : Rs2(3, CR = high) = Gaus(3, CR = high) 

Gaus(3, CR = low) 
Axialprofiz, Seg, CR = low) 

h(CR) is the standard deviation of Rs (Z,CR); CR=high 
represents a highest count rate of an acquired database; and 
CR=low represents a lowest count rate of Said acquired 
database. 


